The POU-IV or Brn-3 class of transcription factors exhibit conserved structure, DNA-binding properties, and expression in specific subclasses of neurons across widely diverged species. In the mouse CNS, Brn-3.0 expression characterizes specific neurons from neurogenesis through the life of the cell. This irreversible activation of expression suggests positive autoregulation. To search for cis-acting elements that could mediate autoregulation we used a novel method, complex stability screening, which we applied to rapidly identify functional Brn-3.0 recognition sites within a large genomic region encompassing the mouse brn-3.0 locus. This method is based on the observation that the kinetic stability of Brn-3.0 complexes with specific DNA sequences, as measured by their dissociation half-lives, is highly correlated with the ability of those sequences to mediate transcriptional activation by Brn-3.0. The principal Brn-3.0 autoregulatory region lies ϳ5 kb upstream from the Brn-3.0 transcription start site and contains multiple Brn-3.0-binding sites that strongly resemble the optimal binding site for this protein class. This region also mediates transactivation by the closely related protein Brn-3.2, suggesting a regulatory cascade of POU proteins in specific neurons in which Brn-3.2 expression precedes Brn-3.0.
The development of the vertebrate brain requires the differentiation of a large number of specific types of neurons from a relatively undifferentiated cell layer, the neural plate. Many developing neurons and their precursors express characteristic DNA-binding transcription factors. The expression domains of these factors overlap in unique combinations in specific regions of the neural tube and in groups of differentiating neurons, suggesting that development of each neuronal type is guided by a transcriptional code. However, little is known about how these factors act at the molecular level to determine and maintain specific neuronal phenotypes.
Many of the transcription factors that are expressed in specific groups of neurons belong to the POU, Pax, and LIM families of variant homeodomain proteins. Some of these factors appear early in development in regions of the dividing neuroepithelium, whereas others are restricted to terminally differentiating neurons. Factors of the POU-IV or Brn-3 class are expressed as specific sets of C NS and peripheral sensory neurons exit the cell cycle (Fedtsova and T urner, 1995; Artinger et al., 1998) , and they have been shown to be necessary for the normal development of the retina, auditory system, cranial sensory ganglia, and certain CNS nuclei (Ryan and Rosenfeld, 1997) .
The expression patterns of most of the neuron-specific transcription factors have been characterized only in the developing brain, and in many cases little information is available about their expression in the adult nervous system. Here we demonstrate that expression of the POU-domain factor Brn-3.0 is permanently activated in development, and characterizes specific neuronal groups throughout the life of the organism. This expression pattern suggests that Brn-3.0 positively regulates and maintains its own expression. POU proteins have been shown to form remarkably stable complexes with their highest affinity recognition sequences, exhibiting dissociation half-lives of 10 -100 min under conditions routinely used to measure protein-DNA binding (Gruber et al., 1997; Rhee et al., 1998) . Using a series of synthetic variants of the optimal Brn-3.0 recognition sequence, we have demonstrated here that the kinetic stability of a Brn-3.0 complex with a particular DNA site is highly correlated with the transcriptional activation of reporters containing that site by Brn-3.0. Because Brn-3.0 forms a highly stable complex with its functional recognition sites, we have been able to use a novel method, complex stability screening (CoSS), to rapidly search the genomic region encompassing the mouse brn-3.0 locus for potential autoregulatory regions. This method has revealed two clusters of Brn-3.0 recognition sites residing ϳ5 and 10 kb upstream from the Brn-3.0 transcriptional start site. These sites closely resemble the optimal POU-IV class recognition sequence, and the proximal cluster is a strong facilitator of Brn-3.0 transcriptional activation. Thus, these regions are likely to mediate Brn-3.0 autoregulation and regulation of Brn-3.0 expression by the closely related POU-protein Brn-3.2 in the developing and mature nervous system.
MATERIALS AND METHODS
Immunohistochemistr y. For the detection of Brn-3.0 protein by immunohistochemistry, mouse embryos and neonatal brains were immersionfixed in 4% paraformaldehyde in PBS, and adult mouse brains were treated with the same fixative by transcardiac perf usion. Aged mouse brains were obtained from retired breeder female mice at 9 months of age. The rabbit polyclonal anti-Brn-3.0 antibody and immunohistochemical methods used here have been previously described (Fedtsova and T urner, 1995) . A rabbit polyclonal anti-Brn-3.2 antibody was raised to a bacterially expressed protein containing the region immediately N-terminal to the Brn-3.2 POU domain (T urner et al., 1994) . These Brn-3.2 antibodies did not cross-react with Brn-3.0, and were antigenaffinity-purified before use in immunofluorescence (Fedtsova and T urner, 1995) . Anti-proliferating cell nuclear antigen (PC NA) antibodies were obtained from Novocastra.
Electrophoretic mobilit y shif t assays. DNA probes derived from plasmid constructs were isolated in agarose gels, dephosphorylated with alkaline phosphatase, and radiolabeled with [␥ 32 P]ATP and polynucleotide kinase. DNA probes derived from synthetic oligonucleotides were radiolabeled to a similar specific activity using the same method. Each electrophoretic mobility shift assay (EMSA) binding reaction consisted of a 20 l total volume containing (in mM): 20 Tris, pH 8.0, 100 KC l, 5 MgC l 2 , and 0.2 EDTA, and 100 g /ml poly(dI-dC), 100 g /ml BSA, 10% glycerol, 1 mM DTT, 2.5-5 ϫ 10 Ϫ14 mol of radiolabeled DNA, and 5-10 ϫ 10 Ϫ15 mol of active Brn-3.0 protein (DNA excess). For cases in which the glutathione S-transferase (GST)-Brn-3.0 POU domain f usion protein was cleaved with thrombin before use, the EMSA cocktail contained 25 mM KC l. Electrophoresis was performed in 6% polyacrylamide gels for oligonucleotide probes, and 4 -5% polyacrylamide for longer plasmid-derived sequences.
Dissociation rates for Brn-3.0 complexes with various DNA sequences were determined by EMSA. In these assays Brn-3.0 protein was incubated with radiolabeled DNA in the EMSA cocktail for 30 min at 20°C. Then, at designated times before the start of electrophoresis, 4 ϫ 10
Ϫ12
mol of an unlabeled high-affinity competitor oligonucleotide was added to the reaction mix. The high-affinity competitor oligonucleotides were GATC TC TCC TGCATAATTAATTACCCCCGGAT and GATCCGG-GGGTAATTAATTATGCAGGAGAGAT. When annealed, these produce a previously described consensus Brn-3-binding site ATAATTAAT (b3s1; Gruber et al., 1997) . The amount of competitor oligonucleotide added was at least 200-fold in excess of the total Brn-3.0 protein in the assay. The Brn-3.0 -DNA complex remaining at various times after the addition of competitor oligonucleotide was quantified on dried gels using a PhosphorImager (ImageQuant; Molecular Dynamics, Sunny vale, CA), and the half-life of the complex was determined based on first-order kinetics.
E xcept where noted, the dissociation rate data given here are for complexes containing a GST-Brn-3.0 POU-domain f usion protein. As previously noted , linkage to the GST moiety results in an ϳ10-fold stabilization of Brn-3.0-binding relative to Brn-3.0 preparations in which the GST and DNA-binding moieties are separated by thrombin cleavage. A very similar stabilization of the Brn-3.0 -DNA complex can also be achieved for the isolated POU-domain by reducing the ionic strength of the binding buffer from 0.1 M KC l to 0.025 M KC l.
Comple x stabilit y screening using paramagnetic beads. To identif y stable Brn-3.0 -DNA complexes we adapted a separation strategy using paramagnetic beads previously used to isolate POU-domain complexes with random oligonucleotides (Gruber et al., 1997) . In this method, the target genomic DNA was digested to an average size of 200 -300 bp with one or more of the restriction enzymes HinPI, MspI and Aci1, all of which leave ClaI-compatible CG overhangs. The fragments were then dephosphorylated with alkaline phosphatase and 32 P end-labeled with [␥ 32 P]ATP and polynucleotide kinase.
In a typical selection reaction, a DNA digest representing 1 ϫ 10 Ϫ12 mol of the parent plasmid was incubated with 0.5 ϫ 10 Ϫ12 mol of a GST-Brn-3.0 f usion protein for 30 min at 20°C. Binding was performed in the EMSA buffer described above, except the dI /dC was omitted. As previously described, the f usion protein contains a FL AG epitope between the GST and POU moieties (Gruber et al., 1997) . After the binding reaction, 0.4 ϫ 10 Ϫ6 gm of mouse monoclonal anti-flag antibody was added (I BI; Eastman Kodak, Rochester, N Y), followed by a second 30 min incubation. Finally, paramagnetic beads linked to sheep antimouse IgG (Dynabeads M-280; Dynal, Great Neck, N Y) were added. For each reaction, 16 l of the supplied bead slurry was washed in binding buffer and pelleted in a magnetic stand (Stratagene, La Jolla, CA) before addition of the binding mixture. For complex stability selections, 1 ϫ 10 Ϫ11 mol of competitor oligonucleotide (see the kinetic EMSA assays described above) was added at the same time as the paramagnetic beads. The bead-binding reaction, with or without competitor, was incubated 30 min at 20°C, with gentle agitation every 2 min, followed by magnetic separation and two rapid washes in the binding buffer.
After the washes, the bound DNA fragments were removed from the matrix with 0.5% SDS in TE buffer at 65°C, extracted with phenol chloroform, precipitated with ethanol, and analyzed by electrophoresis in 6% acrylamide/urea (sequencing) gels. For ligation of selected fragments into the ClaI site of pBK S, the binding reaction was scaled-up fivefold, and nonradioactive DNA fragments were used.
Transfection assays. Transient transfections were performed in C V-1 epithelial cells by the calcium phosphate method as previously described (Gruber et al., 1997) , or with Effectene transfection reagent (Qiagen, Hilden, Germany) according to the manufacturer's protocol. L uciferase reporter constructs for transfection assays contained three copies of a Brn-3 recognition site or one copy of a native genomic regulatory domain linked to a minimal promoter derived from the rat prolactin gene in the vector pGL -2. The oligonucleotide sequences used to make the reporter construct for the consensus Brn-3.0 recognition element were GATC TC TCC TGCATA AT TA ATTACGCCCG and GATCCGGGCG-TAAT TA AT TATGCAGGAGA. In reporter constructs containing variants of the consensus recognition element, the sequence in italics was replaced with the sequences shown in Figure 2 . Reporter constructs for naturally occurring Brn-3 recognition elements were made using the oligonucleotide sequences that appear in Figure 4 . For each transfection experiment, the results shown represent the mean of triplicate assays in a single experiment, and very similar results were obtained in at least three independent experiments.
RESULTS

Brn-3.0 expression is permanently activated throughout development and aging
Brn-3.0 expression characterizes the development of highly specific sets of neurons in the CNS and PNS. In the CNS, Brn-3.0 expression is exclusively postmitotic, whereas in the PNS, the onset of Brn-3.0 expression slightly precedes the exit of developing sensory neurons from the cell cycle (Fedtsova and Turner, 1995) . Figure 1 shows the temporal pattern of Brn-3.0 expression through development and aging in representative CNS loci in the mouse. In the habenula (Fig. 1 A-C) , Brn-3.0 expression is activated at approximately embryonic day 12 (E12), as the first habenular neurons migrate away from their neuroepithelium of origin, differentiate, and soon give rise to the fibers of the interpeduncular tract. The habenula of the postnatal day 1 (P1) mouse resembles that of the adult, in which Brn-3.0 expression characterizes nearly all of the neurons of the medial habenula and a significant number of cells in the lateral habenula. In the aged (9 months) mouse, the pattern established in development remains qualitatively unchanged.
Expression of Brn-3.0 can also be detected as early as E9 in the mouse tectum, where this factor characterizes neurons that are among the first to differentiate in any CNS location (Fedtsova and Turner, 1995) . By E12.5 ( Fig. 1 D) , postmitotic Brn-3.0 neurons form an extensive layer from the pretectum to the inferior colliculus. The somewhat region-and lamina-specific pattern of Brn-3.0 expression is fully established in the tectum by P1 and is also maintained in the aged mouse ( Fig. 1 E, F ). In the hindbrain, Brn-3.0 expression characterizes the inferior olivary nucleus, scattered neurons of the hindbrain reticular formation, and the nucleus ambiguus. Neurons of the inferior olive originate in the precerebellar neuroepithelium and migrate toward the ventral aspect of the hindbrain to form this nucleus. At E12.5, Brn-3.0-expressing olivary neurons can be observed adjacent to their neuroepithelium of origin and also in the region of the presumptive inferior olive (Fig. 1G ). By P1, Brn-3.0 expression clearly demarcates the lobular structure of the inferior olive, and this pattern of expression is maintained throughout life ( Fig. 1 H, I ).
In the development of the spinal cord and the midbrain, Brn-3.0-expressing neurons differentiate in regional zones established by neuroepithelial patterning genes such as Pax-3 and sonic hedgehog (SHH), and are repatterned by changes in these signals T urner, 1995, 1997 ). Yet, in the mature spinal cord and midbrain, the Brn-3.0-positive neurons intermingle closely with later-developing Brn-3.0-negative cells, indicating that regional signals no longer control Brn-3.0 expression. This observation, together with the permanence of Brn-3.0 expression, sug- gest that control of Brn-3.0 expression switches from an exogenous signal to a cell-autonomous mechanism during embryonic development.
Transcriptional activation by Brn-3.0 is highly correlated with the temporal stability of the Brn-3.0-DNA complex
Previously we have shown that a GST-Brn-3.0 POU domain fusion protein dissociates very slowly from its highest affinitybinding site (b3s1), with a dissociation half-life of ϳ60 min at room temperature. We have also shown that reporter constructs containing three of these optimal recognition sites upstream of a luciferase reporter gene will activate transcription ϳ35-fold in the presence of Brn-3.0 (Gruber et al., 1997) . In Figure 2 , we have extended this analysis to a range of variant Brn-3.0-binding sites in which the optimal Brn-3.0 recognition site (ATAATTAAT) has been altered to contain G/C base pairs at positions that have different effects on the stability of Brn-3.0-binding to DNA. In this analysis, the stability of the Brn-3.0 -DNA complex is closely correlated with transcriptional activation of reporter constructs containing the variant sites. The only exception to this relationship among the sites tested is the target sequence ATGATTCAT, which exhibits much greater transcriptional activation than predicted based on the stability of its interaction with Brn-3.0. However, this reporter also exhibits high transcriptional activity in the absence of cotransfected Brn-3.0 plasmid and is clearly activated by endogenous factors in the transfected cells.
The affinity of Brn-3.0 for its recognition sites can be expressed as the equilibrium dissociation constant of the Brn-3.0-oligonucleotide complex, which is in turn determined by the rate constants for the association and dissociation of the complex (Gruber et al., 1997) . Because the rate of complex dissociation is a major determinant of the relative affinity of Brn-3.0 for its recognition sites, it is not surprising that complex stability is highly correlated with transactivation potential. However, unlike the equilibrium-binding affinity, the kinetic stability of the Brn-3.0 -DNA complexes can be more readily adapted to identify and isolate functional Brn-3.0 recognition sites from a pool of much more abundant but lower affinity sequences.
Complex stability provides a rapid screening method for Brn-3.0 recognition sites within a large region of genomic DNA
Because the "locked-in" temporal pattern of Brn-3.0 expression suggests positive autoregulation, we decided to use complex stability to screen the mouse brn-3.0 genomic locus for functional Brn-3.0-binding sites. The regulatory regions of the brn-3.0 gene necessary to produce correct temporal and spatial expression of this factor have not been defined. For this reason, we chose to first examine a large genomic region containing the brn-3.0 gene locus for stable sites of Brn-3.0 binding. A P1 genomic clone containing ϳ80 kb of genomic sequence was digested with restriction endonucleases to an average fragment size of 200 -300 bp. The fragments were then radiolabeled and incubated with GST-Brn-3.0 POU-domain fusion protein for 30 min. After the binding reaction, the Brn-3.0 -DNA complexes were incubated an additional 30 min with or without an excess of an oligonucleotide containing a high-affinity Brn-3.0 recognition sequence. Finally, the Brn-3.0 -DNA complexes were isolated using paramagnetic beads (Materials and Methods), and the bound fragments were resolved on polyacrylamide gels or ligated into a cloning vector for further analysis. Figure 3A shows the complex stability screening of the genomic region containing the Brn-3.0 locus. The restriction digest (lane D) of the P1 genomic clone shows too many fragments to be resolved into individual bands by electrophoresis. Isolation of the Brn-3.0 -DNA complexes from the P1 digest (lane S) yields numerous fragments containing specific Brn-3.0-binding sites. However, incubation with a high-affinity competitor oligonucleotide for 30 min (lane ϩC) reveals that Brn-3.0 binding to only a limited set of the fragments is kinetically stable. As discussed below, the number of stably bound DNA fragments seen by autoradiography is greater than the number of unique Brn-3.0 recognition sequences because of the variable use of adjacent restriction endonuclease sites.
To localize the Brn-3.0-binding sites with respect to the Brn-3.0 transcribed sequences we screened two smaller regions within the parent 80 kb genomic clone for stable binding sites. A proximal 6 kb region contains the Brn-3.0 transcriptional start site and ϳ6 kb of the 5Ј flanking sequence, and a distal 5 kb region contains the contiguous genomic sequence that maps from approximately Ϫ6 to Ϫ11 kb relative to the start of Brn-3.0 transcription. As shown in Figure 3B , several of the fragments containing Brn-3.0-binding sites identified by screening the entire Brn-3.0 locus reside within these regions, and binding to some of these sites is kinetically stable.
The 100 -500 bp fragments from the proximal and distal regions that remained bound to Brn-3.0 in the presence of competitor oligonucleotide were ligated into a cloning vector, and the cloned fragments were then screened individually for stable bind- ing in kinetic mobility shift assays (Fig. 3C) . Kinetic EMSAs use the stability of Brn-3.0 -DNA complexes in the presence of a specific competitor to distinguish sites with high enough affinity to function transcriptionally from weaker sites that can be bound in gelshift and footprinting assays but do not mediate transcriptional effects. Subcloned DNA fragments that showed Ͼ50% dissociation of the Brn-3.0 -DNA complex within 30 min were discarded, whereas those which showed stable binding were sequenced. One advantage of the kinetic EMSA is that it is not sensitive to the concentration of DNA-binding protein used in the assay. The concentration of the protein may exceed that of the radiolabeled DNA probe and still give accurate results, as long as the competitor oligonucleotide is in large excess and prevents the protein from reassociating with the probe if it dissociates during the time course of the assay.
All of the cloned fragments from the proximal 6 kb region that showed stable Brn-3.0 binding revealed overlapping sequences. This indicates that the multiple electrophoresis bands that appear in the selected digestion product of the proximal region represent use of alternative restriction endonuclease sites within a common genomic region, and that the proximal genomic region contains a single Brn-3-binding site or a closely spaced cluster of sites. Similarly, all of the cloned fragments with stable binding sites obtained from the distal 5 kb region contained overlapping sequences.
Brn-3.0 recognition sites are clustered ϳ5 and ϳ10 kb upstream of the brn-3.0 transcription start site Restriction mapping, automated sequencing, and Southern hybridization were used to localize the stable Brn-3.0-binding sites within the brn-3.0 locus. Brn-3.0 transcription is initiated from multiple closely spaced sites lacking a TATA sequence but containing multiple GC-rich elements located ϳ300 bp upstream from the Brn-3.0 initiator methionine codon. As shown in Figure  4 , the proximal Brn-3.0-binding domain resides at ϳ5.4 -5.6 kb from the start of transcription, and the distal binding site is found at approximately Ϫ9 kb.
The distal and proximal Brn-3.0-binding regions contained one and four copies, respectively, of a sequence motif that conforms closely to the optimal Brn-3.0 recognition site previously identified by oligonucleotide selection (Gruber et al., 1997) . To confirm that these specific sequences mediate stable Brn-3.0 binding, oligonucleotides were prepared corresponding to the Brn-3.0 recognition motifs designated dist1, prox1, prox2, and prox3 (Fig.  4) . Among these elements, the prox3 oligonucleotide exhibits the most stable binding to Brn-3.0, with a dissociation t 1 ⁄2 of ϳ60 min, whereas the t 1 ⁄2 of the dist1 site is ϳ30 min. The dissociation times of the other proximal oligonucleotide probes were faster, with t 1 ⁄2 Ͻ 10 min, but the presence of multiple sites in the proximal cluster suggests that Brn-3.0 interaction with these sites is stabilized by cooperative binding.
To test directly the stoichiometry and stability of Brn-3.0 binding to the distal and proximal autoregulatory regions, complex stability EMSA assays were conducted with genomic fragments encompassing the potential recognition sites within each region. As expected from its sequence, the distal region showed stable binding to a single Brn-3.0 molecule (Fig. 5A) .
The presence of the GST moiety has been shown to interfere with POU-domain dimerization on certain classes of sites and also to slow dissociation of Brn-3.0 -DNA complexes . For this reason EMSAs for the proximal binding region were conducted using Brn-3.0 POU-domain protein with (Fig.   Figure 3 . Complex stability screening of the Brn-3.0 genomic locus. A large genomic clone encompassing the Brn-3.0 genomic locus ( A), and two subclones of this sequence ( B), were digested with restriction enzymes HinPI and Aci1, radiolabeled, and selected using recombinant Brn-3.0 protein linked to paramagnetic beads. DNA fragments were then resolved in a 6% denaturing polyacrylamide gel. A large number of DNA fragments were selected, but only a few remain bound after a 30 min exposure to a specific competitor oligonucleotide, corresponding to sites that are likely to mediate transactivation by Brn-3.0 in vivo. D, Total restriction digest; S, selected digest; S ϩ C, digest selected after 30 min incubation with competitor oligonucleotide. In C, subcloned sequences from B are individually screened for stable binding to Brn-3.0 by complex stability EMSA, which identifies sites with stable enough binding to effectively mediate transcription (see Results). C, Control without Brn-3.0 protein; 0, Brn-3.0 EMSA, no competitor; 30, Brn-3.0 EMSA after 30 min exposure to competitor oligonucleotide with consensus Brn-3.0-binding sequence. 5B) and without (Fig. 5C ) the GST moiety. For the GST fusion protein, the dissociation half-life of the most stable proximal site was Ͼ90 min, and the dissociation of binding to the weaker sites within the proximal region was significantly prolonged relative to the oligonucleotide probes for individual binding sites within this region. DNA complexes with Brn-3.0 protein lacking the GST moiety (Fig. 5C ) dissociate somewhat faster, as expected, and also show that as many as six Brn-3.0 monomers may interact with this region. Based on a recent detailed examination of the dimerization properties of the Brn-3 protein class , the most likely explanation for this pattern of binding is DNAdependent cooperative binding by pairs of Brn-3.0 monomers.
The proximal Brn-3.0 autoregulatory locus is a strong mediator of Brn-3.0-activated transcription
The potential Brn-3.0 autoregulatory sites were then tested for their ability to mediate transcriptional activation by Brn-3.0. Transcription assays were performed by cotransfection in CV-1 epithelial cells, which do not express any of the neural POU factors endogenously. The distal and three proximal binding sites were tested individually by linking three copies of each site to a minimal promoter (-36prl) derived from the rat prolactin gene (Fig. 6 A) . Reporters containing the dist1 site exhibited high luciferase expression even in the absence of cotransfected Brn-3.0, indicating activation of this site by endogenous factors. Among the isolated proximal elements, only prox3 showed marked activation by Brn-3.0.
In a second set of transfection experiments, single copies of the intact proximal and distal binding domains (diagrammed in Fig.  4) were tested in cotransfection assays. The intact proximal binding region was highly effective in these assays, whereas transcriptional stimulation from the distal region was minimal (Fig. 6 B) .
Taken together, the protein binding and transcription results demonstrate that the proximal autoregulatory region is a functional Brn-3.0 regulatory target, but transcriptional function for the distal site is difficult to demonstrate in this context. Based on these results and an extensive previous examination of the dimerization properties of the POU proteins , it is likely that the strongest proximal site, prox3, functions cooperatively with the adjacent somewhat weaker sites to produce the overall enhancement of transcription observed.
Brn-3.2 is a transcriptional activator of the proximal Brn-3.0 autoregulatory region
Like Brn-3.0, the closely related POU factor Brn-3.2 is expressed in specific neurons in the retina, midbrain, hindbrain, and sensory ganglia (Xiang et al., 1993; Turner et al., 1994) . However, unlike Brn-3.0, Brn-3.2 exhibits transient expression in several locations. In the inferior olive and interpeduncular nucleus, for instance, Brn-3.2 is expressed transiently during cellular migration in neurons that also activate Brn-3.0 expression permanently.
In the retina, Brn-3.0 and Brn-3.2 are both restricted to the ganglion cell layer (Turner et al., 1994; Fedtsova and Turner, 1995) where they identify sets of cells that at least partially overlap (Xiang et al., 1995) . Detailed examination of the ontogeny of Brn-3.0 and Brn-3.2 expression in the retinal ganglion cells reveals that Brn-3.2 expression precedes Brn-3.0 in the first centrally located ganglion cells to exit the cell cycle on mouse E12.5. By E15.5, Brn-3.2 expression is largely confined to the outer margin of the retina, whereas Brn-3.0 is expressed centrally (Fig.  7) . Because maturation of the retina proceeds from the center to the periphery, it is very likely that a majority of the ganglion cells express Brn-3.2 before Brn-3.0. This hypothesis is also confirmed by the presence of postmitotic Brn-3.2-expressing cells, which Figure 4 . The structure of the mouse brn-3.0 genomic locus and location of stable Brn-3.0-binding sites. Restriction mapping, Southern hybridization, and automated sequencing were used to map the stable Brn-3.0-binding sites identified by complex stability screening relative to the Brn-3.0 transcription start site. The sequences shown were then used to make reporter constructs for cotransfection assays with Brn-3 expression plasmids (Figs. 6,8) . Reporters contained one copy of the entire distal and proximal sequences or three copies of the discrete regulatory elements that appear in bold. As shown in the site alignment, both the proximal and distal regions contain sequences that strongly resemble the consensus Brn-3 recognition sequence (cons) previously obtained by random oligonucleotide selection (Gruber et al., 1997) . The GenBank accession numbers for the proximal and distal sites are AF149843 and AF149844, respectively. have presumably just exited the cell cycle, scattered within the neuroepithelial layer (Fig. 7A, arrows) , whereas Brn-3.0-expressing cells are restricted to the defined layer of postmitotic cells.
The early expression of Brn-3.2 in several sets of neurons that also express Brn-3.0 suggests that it may also be an activator of Brn-3.0 transcription. The optimal DNA recognition sites for Brn-3.2 and Brn-3.0 have previously been shown to be indistinguishable (Gruber et al., 1997) , and the stability of binding of the Brn-3.2 POU-domain to the proximal and distal Brn-3.0 autoregulatory sites is similar to that of Brn-3.0 itself (data not shown).
To test the possibility of Brn-3.2 activation of Brn-3.0 expression, we examined the transcriptional effect of Brn-3.2 on Brn-3.0 autoregulatory sequences. Overall, Brn-3.2 was a less powerful activator of transcription than Brn-3.0. On a reporter containing the synthetic optimal site for both proteins, Brn-3.2 typically stimulated transcription 5-to 10-fold, in contrast to 20-to 50-fold for Brn-3.0. Given that Brn-3.2 is a less effective activator of transcription, its transcriptional effects on the Brn-3.0 autoregu- Figure 5 . The Brn-3.0 autoregulatory domains contain multiple stable Brn-3-binding sites. Complex stability EMSAs were performed as described in Materials and Methods. A and B show the interaction of a GST-Brn-3.0 POU-domain f usion protein with DNA fragments containing the distal ( A) and proximal ( B) autoregulatory domains from the Brn-3.0 locus. Lanes are designated by the time in minutes between the addition of a competitor oligonucleotide and the start of electrophoresis. The Ϫ lane represents electrophoresis of the complexes without competitor oligonucleotide. In the pre lane the competitor was added before the formation of the Brn-3.0 complex with the radiolabeled probe to demonstrate that the amount of competitor added is in large excess over Brn-3.0 protein. In C, the Brn-3.0 protein used was cleaved with thrombin to remove the GST-moiety, and complex stability EMSAs were conducted with the isolated Brn-3.0 POU-domain. As previously noted , dissociation of the Brn-3.0 -DNA complex is somewhat faster for the isolated POU domain than for the GST-f usion protein. The legend at right represents the number of Brn-3.0 molecules contained in the Brn-3.0 -DNA complexes, where zero denotes the free DNA probe. These results show that the proximal Brn-3.0 autoregulatory region can interact stably with at least six Brn-3.0 monomers, and that complexes containing an even number of Brn-3.0 molecules are highly favored, suggesting cooperative binding in pairs . The lane designated ϪP contains the DNA probe alone. Figure 6 . Brn-3.0 activates transcription from its autoregulatory sites in heterologous cells. In A, three copies of the potential Brn-3.0 autoregulatory sequences from the proximal and distal genomic regions, or a Brn-3 consensus recognition site (b3s1), were linked to a luciferase reporter and cotransfected with a Brn-3.0 expression plasmid or an expression vector control plasmid. In B, cotransfection assays were performed with reporters containing a single copy of the distal and proximal genomic regions shown in Figure 4 . Where significant, the fold transcriptional activation stimulated by Brn-3.0 appears to the right of the data bars. latory sequences were very similar to Brn-3.0 itself (Fig. 8) . Brn-3.2 produced significant activation of reporter constructs containing one copy of the intact proximal Brn-3.0 autoregulatory domain, or three copies of the Prox3 element within this domain. As discussed below, these results suggest that Brn-3.2 is a positive regulator of Brn-3.0 expression in several classes of neurons in which Brn-3.2 expression precedes Brn-3.0.
DISCUSSION
In this study we have used a novel, direct in vitro screening method to rapidly identif y f unctional Brn-3 regulatory sites in a large region of genomic DNA. T wo properties of DNA recognition by Brn-3.0 make the successf ul application of this method possible. First, the kinetic stability of the Brn-3.0 -DNA complex in vitro correlates well with transcriptional activation by Brn-3.0 in vivo. Second, the dissociation of Brn-3.0 from its f unctional binding sites is slow enough that biochemical separations can be conveniently performed before dissociation is complete. Together these properties allow biochemical identification and isolation of functional binding sites by complex stability screening.
It is likely that CoSS will provide an efficient general method for relating POU proteins to their regulatory targets. Although the major subclasses of the POU proteins have distinctive binding sites (Verrijzer et al., 1992; Li et al., 1993; Gruber et al., 1997; Rhee et al., 1998) , we have recently demonstrated that all subfamilies of POU-domain proteins expressed in the nervous system exhibit very stable binding to their optimal recognition sequences, with dissociation half-times of 10 -100 min (Gruber et al., 1997; Rhee et al., 1998) . Thus, the CoSS method could be rapidly adapted to identify regulatory targets for any of these proteins. The application of this method to other structural classes of transcription factors will depend on finding conditions under which protein-DNA complexes are stable in solution for at least several minutes. The dissociation kinetics of protein-DNA complexes have not been studied for most families of transcription factors, nor have their optimal binding sites been identified. However, a dissociation t 1 ⁄2 of 30 min has been reported for an Ultrabithorax complex with a high affinity site (Ekker et al., 1991) , and a half-life of 89 min has been observed for an Antennapedia-DNA complex , suggesting that this method can be generalized at least to other homeodomain classes.
The CoSS method may also be adaptable to the screening of larger subgenomic regions and possibly whole eukaryotic genomes for functional regulatory sites. The methods applied here to screen an ϳ80 kb genomic fragment could readily be applied to screening and isolating functional binding domains from subgenomic fragments in the 10 5 -10 6 bp range, such as bacterial and yeast artificial chromosomes. Application of CoSS to entire eukaryotic genomes is limited by the difficulty of relating the derived sequences to functional transcription units. Thus, screening of whole genomes by this method will probably only be practical when the genomic sequence databases currently in development are more complete.
We initially decided to apply the CoSS method to the Brn-3.0 genomic locus because the locked in developmental expression pattern of Brn-3.0 expression suggests autoregulation. Autoregulation is not the only mechanism which could lead to persistent expression of Brn-3.0. It is also possible that the mechanisms which initially activate Brn-3.0 expression during terminal differentiation are maintained throughout life. However, persistence of the initiating signals for neuron-specific gene expression is a much less likely hypothesis. These signals clearly act only on defined regions of the neural tube, because the Brn-3.0 neurons arise from specific areas of the neuroepithelium, and expression of 2. An expression plasmid containing a f ull-coding Brn-3.2 cDNA was cotransfected with reporter plasmids, including the proximal Brn-3.0 autoregulatory domain (Prox) and three copies of the discrete Brn-3.0 recognition element prox3. The Brn-3.0 autoregulatory sequences mediate activation of transcription by Brn-3.2 at levels similar to the optimal Brn-3 class recognition site (b3s1, ATAATTAAT).
Brn-3.0 can be repatterned by the ventral signal SHH early in development (Fedtsova et al., 1997) . However, in the mature CNS, Brn-3.0 neurons are distributed widely and closely intermingle with cells which are negative for this factor, strongly suggesting that the expression of Brn-3.0 becomes cell-intrinsic at some point in development.
Autoregulation by a key transcription factor is an attractive mechanism for the maintenance of any cell phenotype, with the best understood examples being from non-neural tissues. In the anterior pituitary, the development of three principal cell types depends on the POU-domain transcription factor Pit-1. Like Brn-3.0, Pit-1 expression is activated in development and marks its target cells for the life of the organism. Although Pit-1-binding sites have been identified flanking the TATA element of the Pit-1 promoter (Chen et al., 1990) , the principal autoregulatory region in vivo resides in an enhancer region ϳ10 kb upstream from the transcriptional start site (Rhodes et al., 1993; DiMattia et al., 1997) . This region is not required for the initial developmental expression of Pit-1, but is necessary for high-level expression from the day of birth onward. Like the Brn-3.0 autoregulatory region identified here, the Pit-1 autoregulatory enhancer contains several clustered high-affinity Pit-1-binding sites. The Pit-1 and Brn-3.0 autoregulatory loci are also similar in that both are located several kilobases upstream from the site of transcription initiation. Autoregulation has also been described for several of the homeodomain proteins that regulate segmentation in the Drosophila embryo, including f ushi tarazu (f tz), deformed, ultrabithorax, and even-sk ipped (Bateman, 1998) . Perhaps the best described of these is ftz, a pair-rule gene required for the establishment of the early regional stripes in the developing embryo that in turn direct formation of the embryonic parasegments. The regulatory region from the ftz gene that directs reporter gene expression to the embryonic stripes has been well described. A proximal enhancer within this region contains several clustered Ftz-binding sites (Pick et al., 1990; Han et al., 1993 ) that interact directly with this protein to produce the native pattern of Ftz expression (Schier and Gehring, 1992) .
Like the pituitary cell types that express Pit-1, many classes of vertebrate neurons are characterized by the expression of cellspecific transcription factors. Neuron-specific transcription factors have been identified from the POU, Pax, LIM, variant homeodomain, M EF and helix-loop-helix gene families, among others. T ypically, these neuron-specific regulators appear as developing neurons leave the cell cycle, and show persistent expression. The expression patterns of most of these factors have not been well characterized in the adult nervous system, but it is clear that at least some of them share with Brn-3.0 the property of cell-specific expression throughout the life of the organism. Isl-1, for example, is an LIM-homeodomain transcription factor that characterizes developing spinal motor neurons, neurons of the brainstem motor nuclei, and primary sensory neurons of the dorsal root ganglia, and is essential for the survival of some of these neurons (Ericson et al., 1992; Pfaff et al., 1996) . Like Brn-3.0, Isl-1 expression appears soon after motor neurons exit the cell cycle, and has been shown to persist in each of these neuronal groups in the adult rat (Thor et al., 1991) . The regulatory sequences of most neuron-specific transcription factors have not been described. However, previous studies of Pit-1 and the results reported here for Brn-3.0 suggest that autoregulation of key transcription factors is likely to be a conserved mechanism for the maintenance of differentiated neuronal phenotypes.
The present study also helps to clarify the relationship between the structurally similar and sometimes coexpressed transcription factors Brn-3.0 and Brn-3.2. We have previously demonstrated that the DNA recognition properties of Brn-3.0 and Brn-3.2 are indistinguishable (Gruber et al., 1997) . However, previous studies have reported that Brn-3.2 is both a transcriptional activator (Turner et al., 1994 ) and a transcriptional inhibitor (Morris et al., 1994 (Morris et al., , 1996 Budhram-Mahadeo et al., 1995) . In the present study, Brn-3.2 functioned only as a transcriptional activator (or had no effect) on the expression constructs tested, although it was a somewhat less potent activator than Brn-3.0. The previous studies showing transcriptional inhibition have used a truncated form of Brn-3.2, termed Brn-3b (Theil et al., 1993) or Brn-3b(s) , which lacks the N-terminal domain contributed by the conserved first exon of the Brn-3 proteins, and this may explain some of the differences in these results. We have also noted that cotransfection of very high levels of Brn-3.2 expression plasmid may inhibit reporter gene expression by mechanisms that do not depend on the presence of high-affinity Brn-3 recognition sites in the reporter construct, and presumably represent interference with general transcriptional mechanisms. Other possible explanations for the opposite transcriptional effects of Brn-3.2 in various studies include the different cell lines and different reporter plasmids used.
In addition to Brn-3.0 autoregulation, the results presented here provide a molecular basis for cross-regulation between POU proteins of the Brn-3 class in the retina, and perhaps also in the inferior olivary and interpeduncular nuclei, where transient Brn-3.2 expression also precedes Brn-3.0. Brn-3.2 null mice exhibit a significant loss of retinal ganglion cells and have a more severe retinal defect than Brn-3.0 knock-out mice Gan et al., 1996; Xiang, 1998) . One conclusion of these studies is that although Brn-3.0 is more abundant in the mature retina (Turner et al., 1994) , Brn-3.2 is somehow more essential for ganglion cell viability, perhaps because of its earlier expression. Also, the lack of an obvious retinal defect in Brn-3.0 null mice Xiang et al., 1996) has been attributed to redundancy with Brn-3.2 beyond the earliest stages of ganglion cell development.
Our data strongly suggest that the action of Brn-3.2 as a developmental activator of Brn-3.0 expression may contribute to the severity of the retinal defect in Brn-3.2 null mice. A role for Brn-3.2 in control of Brn-3.0 expression is also supported by the observation that Brn-3.2 (Ϫ/Ϫ) mice exhibit a profound decrease in retinal expression of Brn-3.0, out of proportion to the overall decrease in ganglion cell number. At E15.5 Brn-3.0 is essentially undetectable in these mice Xiang, 1998) , and in postnatal mice only a few Brn-3.0-immunoreactive neurons appear by a Brn-3.2-independent mechanism. The Brn-3.2 activation of the Brn-3.0 autoregulatory enhancer demonstrated here suggests that the Brn-3.2 null mutation may effectively produce a mouse defective in the expression of both Brn-3 factors, leading to a more severe phenotype.
